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EFFECTOFAN INTERFACEONTRANSIENTTEMPERATURE

DISTRIBUTIONINCOMPOSITEAIRCRAJ?TJOINTS

ByMartinE.EarzelayandGeorgeF.Holloway

Geometricallyrelatedstructuraljointsrepresentingtypicalskin-
stringercrosssectionsweretestedunderradiantheatingto simulate
theeffectsofaero@mmicheating.-erature historiesfor15
2024-Taluminum-alloyfabricatedspecimensandamequalnumberof inte-
gralcontrolspecimenswererecordedfortwodifferentconstsatheat
inputs,rangingfromapproxinwtely5 to 40Btu/(sqft)(sec).A maximum
temperatureriseof k50°F wasattainedinthespecimensin8 to 40 sec-
ondsofheating.Therewasno restraintorexternalloadingapplied.

Thepresenceofan interfacewasfoundtohavea significsmteffect
onthetemperaturedistributionin allgeometriestestedandthusmust
be consideredintemperaturecalculations.9

Znterfaceconductancevalueswerecomputedforeachofthe15 fabri-
W catedspecimens.Thesevaluesrangedfromapproximatelylx to

1,300Btu/(sqft)(hr)(°F)witha modalvalueof 300Btu/(sqft)(hr)(°F).
Geometrvandheatingratewerefoundtohaveameffecton jointconduc-
tanceb; Wluencfi the
ofthematingsurfaces.

temperaturedistributionad thusthewarping

INTRODUCTION

Znthedesignofaircraftstructureswhereaerodynamicheatingis
encountered,a knowledgeofthetemperaturedistributionwithinthe
structureisof considerableimportance.Whiletheproblemcan’be
solvedby analytical)nu=rical~andanalog~thodsin_ cases)PhYs-
icaldatauponwhichsuchanalyseshavetobe basedarestilllargely
unavailable,especiallythoseconcerningtheconductance(oritsrecip-
rocal,thecontactresistance)acrossstructuraljoints.

Althoughsomeknowledgeofthermlcontactconductanceforaircraft
jointsisavailablefromtheworkofreferences1, 2,and3 andfromthe
workofotherinvestigatorsinrelatedfieldsdiscussedinreference1,
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theexperimentaldataarefarfromcomplete.~Whatisneededby theair-
craftdesi”@erisa comprehensivebodyofdataforcontactconductance
intermsofallpertinentvariables,whichwillenablehimto selecta
valueorvaluestobeusedin calculations,whetheranalyticalornumer-
ical.Thedesignermustalsohavea knowledg=of>he significanceof
interfaceconductanceas itaffectstemperaturedistributions.The
presentprogrsminvcdving2024-Tfabricatedskin-stringercombinations
andincludingcontrolspecimensof integralconstructionexaminesthis
problemandprovidesnewinterfaceconductancedata.

Thisinvestigationat SyracuseUniversitywassponsoredby andcon-
ductedwiththefinancialassistanceoftheNationalAdvisoryCommittee
forAeronautics.ThecontributionofDr.Yi-YuanYutothedevelopment-
ofthemoreexactmethodof incorporatinginterfaceconductanceinthe .
numericalanalysisoftransientheatflowas explainedinappendixB was
appreciated.
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SYMBOLS

,flangecross-sectionalarea,sqin.

webcross-sectionalarea,sqin.
w

elementsof infinitesimalthicknessat interface
.

specificheat,Btu/(lb)(°F)

interfaceconductance,Btu/(sqft)(sec)(°F)or
Btu/(sqfat)

-thermalconductivity,Btu/(in.)(sec)(%)

length,in.

lengthof flange,in. ---

lengthofweb,in.

heatflow,Btu/(sqin.)(sec);alsoBtu/(sqft)(sec)

time,sec

timeinterval,sec

thicknessof flange,in.

thicknessof skin,in.
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Subscript:

i
\

m

3

thiclmessofweb,in.

temperature,‘F (referred,ingeneral,to a zeroreference);
also‘R

averagetemperatureof flange,‘F

averagetemperatureofweb,‘F

temperaturedropacrossinterface,‘F;alSO TAi- ~i

volume,Cu in.

elementalvolune,cu in.

specificweight,lb/cuin.

spacecoordinates(fig.4) .

nondimensionaltimepsrameter}+t
cm

constantinequations(Bl)and(B2),~
CWT2

q Atconstantinequations(Bl)and(B2),—
CWT

thicknessof equivalentairgap,in.

Atconstantinequations(B2),

()
CwT2

~+;

thicknessof skin,in.

nondimensionaltemperatureparameter~T
qT

interfaceelementinnumericalanalysis
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DESCRIPTIONOFAYPARATUS
u

A generalviewofthetestinstallationisshowninfigure1 anda
detailedexplodedview,infigure2. —

Theapparatusmaybe dividedintothefollowingmaingroups: .-

(1)Bankofheatingelementsto supplyradiantheattothespecimen.
It consistedofuniformlyspacedparallelgraphiterodswitha radiating
areaof12by 10 inches.Inputterminalsandseriesconnectorswere
mountedonMariniteinsulatorplates.Themaximumcurrentdrawnfrom
thethree-phase,110-voltsupplywas370amperes,correspondingtoa
125-kilowattpowerdissipation.A maximumsurfacetemperatureof 3,800°F
wasreachedby thegraphiterodsabout10 secondsafterthepowerwascon-
nected.Eecauseofrapidoxidationandgassingtheusefullifeofthe
graphiteelementswasabout2*minutes.

,.

A reflector,madeof 3/8-inch-thick6061-Wpolishedaluminum-alloy
plate,helpedtominimizelosses.

(2)Movablecurtainto interceptradiationduringthewarMupperiod
andthentoprovidea stepinputof suchradiation.Itconsistedofa
l-inch-thickplateofMarinitefacedwitha thinlayerofpoured-in-place_ ,
Blazecrete.

.-

(3) MUlustableframetomountspecimen.
—

.

(4)Temperaturerecordinginstrumentation.Theoutputofthethermo-
coupleswasreaddirectlyona Century,Modelk08,multichannelrecording
oscillograph.Allgalvanometershada nominalsensitivityof12micro-
ampereperinchofdeflectionontherecordingpaper.

Thethermocoupleleadsfromthespecimenwereconnectedtothe
oscillographthrougha speciallybuiltcalibrator,thecircuitdiagram
ofwhichisgiveninfigure3. Thefunctionofthecalibratorwasto
takeintoaccountthetotalresistanceofeachmatchedthermocouple-
galvanometerloopandtoadjustthegalvanometerssensitivity,withthe
aidofa variable-seriesresistor,sothata givenvoltagesignalfrom
thethermocouple(i.e.,a giventemperature)correspondstoanydesired
tracedeflection.Allchannelscouldbe calibratedina minimumtime
beforeeachtest.

.(5)~ electrictimer wasinsertedparallelto“themainpowercircuit
tomeasurethetotalheatingperiodofa cycleandthelifeoftheheating *
elementsaccurately.Inaddition,themotionofthe”curtainactuateda-
limitmicroswitchwhichenergizedanauxiliarygalvanometersintheoscil-
lograph.Theresultingsignaldefinedthetimelimitsofthestepheat w

inputinrelationtothetransienttemperaturetraces.
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TEST!PROCEDURE

TheoreticalE!asisandTestingTechnique

Theaerodynamicheatingoftheoutsideskinsurfaceofa high-speed
aircraftdependsona multiplici@offactorsnotpertinenttothis
investigation.Tofacikttateanexperimental.approach,theaerod-c
heatingmaybe replacedby radiantheatingifthelattercanbeadjusted
to simulateapproximatelytheboundaryconditionsencounteredinactual
high-speedflight.!Misis sobecauseforgivenboundaryconditionsthe
temperaturedistributionandheat~flowpatternwithinthestructureare
uniqueregardlessofthesourceofheatener~. h manycasesthecom-
plexityofa flightmissionandtheresultingaerodynamicheatingschedule
cannotbe convenientlyduplicatedby a radiantheatingapparatusoflimited
control.Itis clear,however,thata simpleheatinput,suchas onewhich
is constantwithtimeanduniformlydistributedoverthesurface,givesas
muchinsightintotheeffectof interfaceconductanceonthetemperature
distributionaswouldbe affordedby anarbitrarychoicefromthelarge
numberofpossibleboundaryconditions.

Inactualtesting,therefore,unidirectionalradiantheatingof short
durationhasbeenutilized.Forthiscasethosefacesofthestructure
whicharenotsubjectedtoheatingcanbe regardedas insulated.The

s heatinputwasassumeduniformh thecentralareaof thespecimenwhere
measurementsaremade. Thus,sincethecrosssectionisuniformatany
planeperpendiculartothez-axis(fig.4)theheatflowcanbe considered

. two-dimensional.

Thespecimenswereata uniformroomtemperatureatthebeginning
of eachtestandonlythetemperaturerisewasrecorded.

Tb checkwhethertheassun@ionofuniformheatingwasvalidandto
establishtheboundariesoftheworkingareayflatplatesWereheatedunder
thessmeconditionsaswerethetestspecimens.Becauseofthesizeof
theheatedarea(10by 10 inches)inrelationtothedistancewhichhad
tobe maintainedbetweentheheaterbankandspecimens,theendeffects
werequitepronounced.Thetemperaturedistributionovertheentirearea
oftheflatplatewasapproximatelyhyperbolicinboththex- andthe
z-directions,withthepointofhighesttemperaturelocatedat thegeo-
metricalcenter.Theisothermswereapproximatelyellipticalin shape.
Onthebasisoftheseisothermsitwasthoughtadtisableto concentrate
allmeasurementsina central4-by 4-inchareawherethevariationof
temperaturewasfoundtobewithina limitof~2 percent.Thecentral
regionwill,of course,loseheat~ conductiontothecoolerouter

● regions,buttherelativeamunt ofthisheatlossisnegligiblein its
influenceonthetemperaturedistributionoverthecentralarea.

8



6

Thevalidityofassuming
mentmustalsobe considered.
platesindicatedthat,except
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a constantrateofheatinputto thespeci-
Thepreviouslydiscussedtestswithflat---y:=
intheinitialheatingperiodofup to .-

2 seconds,theheatinputfromtheradiant-heatingsourceisvirtually
constantfortheperiodoftesting.Theadditionofa stringerto the
flatplatecauseslocalloweringoftheplatetemperature;but,ifthe
temperatureoftheradiantheaterisalwaysfarinexcessofthatofthe
absorbingbody,thatis,if T1>> T2,thenasa consequenceofthe
Stefan-Boltzmnnfourth-powerlawtheeffectoflocalvariationin T2
maybe neglected.Someslightdeviationinheatflowmayalsobe expected
as sourcetemperature,emissivity,andplateabsorptivitychange,but
theseeffectsmaybe neglectedforco@arativetestsoffabricatedand
integralspec~ns.

lhordertoachieveseveraldifferentheatinputstothespecimen,
a suitablecoatingwasappliedtothereceivingsurfaceto changeits
radiationabsorptivity.

Withtheforegoingboundaryconditionsovertheareaunderscrutiny,
thetestsprovidedtemperaturesat chosenpointsalongtheheat-flowpath
duringthetransientheatingcycle.Onthebasisoftheserepresentative
temperaturefimctionsT(x,y,t),heat-fluxlinesandisothermscouldbe
established.

Themeasurementofradiantheatinputinthetransientcasewas
accomplishedby calculatingtheincreaseoftotalheatcontentofthe
elementalvolumeintheirradiatedsurfaceofthespecimenwiththe
highestvalueof aT/~. Forsuchan elementalvolume,locatedsome
distanceawayfromthebulkofthestringer,onlya negligiblepartof _
theheatreceivedby radiationisconductedaway;therefore,mostofthe
heatIsusedtoraisethetemperature.
inputintosuchanelementalvolumecan

AQ . A~CV

Accordi-&ly,theaverageheat
be approxiutedby

&
at (1)

t

>—

ThequantityaT/& isavailablefromtherecordsfortheparticular
surfaceelement.Thisheatinputisthentakenasbeinga constantfor
thewholeskinareanearthestringerwherethemeasurementsareconcen-
trated.A samplecalculationofheatinputiscarriedoutinappendixA.
Thismethodofcomputingactualradiantheat-inputattheboundaryplane
wasfoundtobe sup”eriorto indirectcalculationsbasedeitheronthe
constantsofradiationorontheelectricalenergydeliveredtotheheater. w

Thesameprincipleof inferringheat-contentrisefromteng?erature
risewashelpfulin computingtheconductanceoftheinterface.First, .
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theprimarydatayieldedanaverageinterfacetemperaturedrop AT as a
s f@ctionoftime. Theotherquantitynecessarytodeterminetheconduc-

tance,theheatpassingthrougha unitareaoftheinterfaceperunit
tire,wascomputedtoa gooddegreeofapproximationfromtherateof
increaseofheatcontentoftheentirestructuralmassdownstreamfrom
theinterface.A ssmplecalculationoftheinterfaceconductanceisalso
presentedinappendixA.

Descriptionof Specimens

Thetestspecimensconsistedofthealuninum-alloyskin-stringer
combinationsshowninfigure4. DimensionsaretabulatedintableI.
Althoughthesespecimensweretypicalofaircraftconstructioninsofar
aspossible,dimensionswerechosento givea widerangeofdimensional
ratios.

bthe fabricatedgroupof specimenstheflangeof theextruded
T-sectionwasattachedtotheskinby tworowsof standardcountersunk

.
rivets.Therivetpitchwaskeptata uniform1: inches.Rivetswere

typeAD-2,AD-3,andAD-4(seetableI).

Eachfabricatedspecimenhaditsintegraldimensionalcounterpart,
c buttheintegralspecimensweremachinedfromsolid2024stockandthus

lackedtheinterfaceJoint.Theintegralspecimenineachcaseserved
to comparethetemperaturedistributioninanuninterruptedheatpath

. withthatofa rivetedstmcturaljoint.~ ordertoutilizeavailable
extrusionsandbecauseofdifficultiesinmachining,eachcontrolspeci-
menwasmadeup oftwoidenticalhalvesjoinedalongthecenterplaneof
thewebby oneortworowsof smallrivets.Thiswaspossiblebecause
theplanepassingthroughthecenterofthewebisa planeof symmetry,
as showninfigure4. Sinceallisothermscrossingthisplanearenec-
essarilynormalto itat thepointof intersection,no netheatflowwild
takeplacethoughit.

Thecontrolspecimensweremachinedfromannealed2024-0extrusions
toavoidstressreliefandresultingwarpingduringfabrication.The
materisloftherivetedspecimenswas2024,bothcladandunclad,with
variousmanufacturingheattreatments(-O,-T3,-T4,and-T%).These
heattreatmentscorrespondtodifferentthermalconductivities.Ihaddi-
tion,theconductivityvariesoverthetemperaturerangeofthetests.
Thelattereffectispartlyduetounavoidablemetallurgicaltransforma-
tionsthattakeplaceinthealuminumalloyduringtheheatingcycle.
Thecombinedeffectofallthesepossiblechangesontemperaturedistri-. butionisexaminedinthesection“PrecisionofData.’*Forthepurposes
of calculation,itwasassumedthatthevalueofthermalconductivity

●
forallspecimnsremainedconstantat 0.002Btu/(in.)(sec)(°F).
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Becauseoftimelimitations,onlyonecross-sectionallocationin
—

eachspecimenwasinvestigated.Thislocationwaschosentobe 3/4 inch
(halfofrivetpitch)fromthecenterlineofthespecimenalongthe

e

stringerforboththerivetedandintegralspecimens. .-

T’hermocoupleTechnique

Thepreparationofthermocouplesfollowedthepracticerecommended
inreference4. Factory-calibratediron-constantanNo.30gagethermo=
couplewirewithbraidedFiberglasinsulationwasusedthroughoutthe
tests.Thiswasthesmallestpracticalsize,consideringtherequired
accuracyoftemperaturemeasurementsaswellastheeaseoffabrication
andhandling.Thebeadwasformedby a high-intensitysparkfroma
graphiteelectrode.

Thermocouplelocationsanda typicalinstallationareshowninfig-
ure5. Sincesomeof theholeswouldoverlapinthesamecrosssection,
asshowninfigure5,itwasnecessarytooffsetthemslightlyalongthe
lengthofthestringer.Thisoffset,whichneverexceeded3/8inch,is
permissiblesincetheheatflowisessentiallytwo-dimensionalinthe
testarea.

Inmakingthermocouples,afterthebeadwasformeda lengthofthe
outsideinsulationwasstripped.Thispartof theleads,whichwasto
lieinsidethehole,wasthendippedinGlyptallacquertoprevent
frayingandtoprovideelectricalinsulation.

Thethermocoupleswerecementedintotheholeswitha copper-base
dentalcement,a quick-settingmaterialwithgoodheat-conductionprop-
erties.Thosethermocouplebeadswhichwereinstalledinshallowholes
1/16inchor lessindepthhadtobepeened-aroundthemouthofthehole
toobtainfirmanchoring,as showninfigure5. Care was taken to assme
bottomingofthethermocouplebeadsandadditionalanchoringwasprovided
by a smallanmuntofSauereisenNo.1 cement.

Conductof Tests

Thespecimenwasmountedby thefourcornersinthesupportingframe,
showninfigure1, insucha mannerthatfree”expansionandbendingwere
possible.Theoutsideskinfacedthebankofheatingelementsata uni-
formdistanceof3 inches.

The

(1)

(2)

testsequencewasas follows:

Calibratethermocouplesandgalvanometers

Activateoscillograph

.—.

—
..

—.—
—

—

—
—

.-

*

.-

*
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.

(3)
●

(4)
required

(5)

(6)

Energizeheatingelements

Allowheatingelementsto reach
wasapproximately8 seconds)

Raisecurtainto givestepheat

9

a msximumtemperature(time

input

Visuallyfollowtemperaturetracesontheoscillo~aphscreen
untilthemaximumrisereachesa pointcorrespondingto 450”F above
roomtemperature

(7)kwer curtainto endstepheatinput

(8) Cutoffpowertotheheater

= general,allspecimensweretestedwithtwodifferentheatflows,
rangingfromapproximately5 to 40Btu/(sqft)(sec).A lowheatflowwas
achievedby leavingthespecimensurfacebare,
tivelylowabsorptivityofpolishedaluminum.
undertheseconditionswas8 Btu/(sqft)(sec).
approximately29Btu/(sqft)(sec)wasattained
facewithSuperflakegraphitecoating.

thusutilizingtherela-
Theaverageheatinput
A highheatflowof
by coatingtheirradiated

Dependingonheatinput,thedurationof thetestsvariedfrom8 to
& 40 seconds.

. PRECISIONOFDATA

Thesourcesof errorcouldbe dividedintothefollowingmaingroups:

(1)Failureto attaintheprescribedboundaryconditions.

Itwasmentionedinthesection“TheoreticalBasisandTesting
Technique”thattheuniformityofheatingoverthee~osedareaof the
specimendeviatedfromtheidealand,fwthermae,thata constanttime
rateofheatingwasnotcompletelyattainablebecauseof limitations
inherentintheradiant-heatingsetup.

Thenonuniformityofheatinputwasaggravatedby thevariationof
localabsorptivityonthespecimenasverifiedby localtemperature
readingsintheskin. Thisnonuniformitymaybe attributedtominor
variationsinbaresurfacefinishor inthichessofthegraphitecoating.

. Anotherphenomnoncontributedto thenonuniformityofheatflow.
Thecommercial-gradegraphiteheatingelementsdidnothaveuniform

. qualitiessothathotspotsandcoolerareasoccasionallydevelopedin
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theheaterbank. Eventhoughtheseparationbetweentheheaterand
specimenwasrelativelylarge,theselocaleffectswerenoticeablein
the”results.

Theassumptionoftheperfect
was,of course,only”approximated;
convectionandradiationata rate
attained.

insulationoverthe
thesesurfaceswere
proportionaltothe

.—

8

unheatedsurfaces
beingcooledby
temperatures

Theabove-mentioneddeviationsfromidealizedboundazyconditions
areofrelativelytheseammagnitudeforalltestsandthereforedonot
significantlyinfluencethecomparisonswhicharemadebetweenspecimens.
However,whencomparisonistobemadebetweenexperimentalandanalyti-
calresults,itismoreconvenienttobasethecalculationson simplified
boundaryconditionsthanto includeallthevariablesinadvertentlyintro-
ducedintheexperiments.Itisforthisreasonthateffortsweremade
toapproximateuniformandconstantheatflowas closelyaspossible.

(2)Variationinoriginalconductivityandchangestakingplace
duringtheheatingcycle.

Sincethespecimensusedinthetestprogramvariedinoriginalheat
treatment,therewasa substantialdifferenceintherdalconductivity
fromspecimento specimen.Itisalsolnmwnthatconductivi~isa fumc-
tionofthetemperaturelevel.Unfortunately,theeffectoftemperature
levelcannotbe isolatedbecausethevariousheatingcyclescausemetal-

?

lurgicalphasetransformationswhichcanresultinlargerfluctuations
intheconductivityvalueofthealuminumalloythandodifferencesdue .
tooriginalheattreatments.Theseriousnessoftheproblemisseenin
reference5,where,inthetemperaturerangeof 200°to 700°F, thecon-
ductivityvalueofthe2024alloyisreportedtovaryasmuchas*13per-
centfromthemeantithoutanycleartendencyastothedirection.Con-
sequently,incomparingexperimentaltemperaturedistributionsinthe
presenttestprogram,theconductivityvariationsrepresentanuncon-
trollablevariable.

0bvious3y,thechoiceofa constantaveragethermal-conductivity
valueof 0.002Eku/(in.)(sec)(°F)forthecalculationsinvolvessome
errorwhena comparisonbetweenexperimental_andanalyticaltemperature
distributionsismade. Theparticularheatinghistoryofthespecimen
probablycorrespondsto a verycomplicatedlocalphase-transformation
patternwhichcannotbe tracedandincorporatedintheanalyticaltreat-
mentoftheproblem.Theassumptionofa constsatthermalconductivity
isthusdictatedby necessity.It isexpected,however,thatforany
aerodynamic-heatingschedulebasedonactualflightconditionsthevalue
tillremainwithinthepercentagevariationfoundinreference5. — f-

—

.
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(3)Errorsinlocaltemperaturemeasurements
. in leadwireandthermocouplebead,installation,

due
and

I-1

to imperfections
responselag.

Thethermocouplewirewasofhighq~litywithcalibrationguaran-
teedby themanufacturer.Calibrationof individualthermocoupleassem-
blieswasnotconsiderednecessary.Thethermocouplebeadwasformedby
a standardizedanduniformprocessandthesoundnessoffusionwas
inspectedundermagnification.Carewastakento insureproperinsula-
tionoftheleadsfortheirentirelength,butsomesmallleakagebetween
thetwoleadsmayhavebeenpossible.

A uniformlygoodheat-conductionpathbetweenthesensitiveelement
andthesurroundingmaterialyasnotcompletelyattainable.Thecouples
placedin shallowholes”wereespeciallysensitiveinthisrespectand
offeredthegreatestchancefora poorthermalcontact.Theshallow
instaIlatiopswerealsothemostsusceptibleto looseningofthetherm-
ocouplesduringhandling.afterrepeatedheatingcycleshadmadethe
cementsbrittle.

Thethermocoupleresponselagwasconsiderednegligiblebecauseof
thesmallmassofthebead. Furthermore,forthecomparativeresults
sought,all.suchlagswotidbe ofthesameorderofmagnitude.

E!asedonexperience,theconclusionc“anbe drawnthattheeffects
* oftheabove-mentionedpossiblesourcesoferrorareofminorconsequence

andcertainlyof lesseffecton thedatathanthose”ofitems(1)and(2)
above.

.
(4)Assumptionof linearityof scalefactors.

Ii_Lcalculatingtemperaturesfromgal.vanoineterreadingsit~sassumed
thattheoutputoftheiron-constantsmthermocoupleswaslinearfrom0°
to ~0° F. Thisassumptionintroducedan errornot’exceeding*2 percent
inthetemperaturereadingsbutgreatlyshrplifiedtheevaluationofthe
largevolumeofdatataken.Thelihe~ityofthegalvanometersdeflection
wasfoundtobe satisfactory,thusaffordinga linearinterpolation
betweenzeroanda singlecalibrationpointin theu~er temperature “
ranges.

As a consequenceoftheaboveassumptions,itwaspossible.tousea
singlescalefactorinconvertingoscillograph-tracedeflectionsinto
temperaturerise. The”totalerrorsthusintroducedprobablyremained‘
witfin*3 percent.

B discussingtheprecisionofdataitmust.bereaMzedthatextreme
. precisionwasunattainablebutwasunnecessary.TQelargentiberoftem-

peraturesmeasuredineachtestand.thesymmetryofthermocouple,locations
madeitevidentthatmaterialandnmmfacturingvariables~ve a largeand.
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oftenunpredictableinfluenceontemperaturedistributioninthetypesof
jointstested.Theaccuracyoftemperaturemeasurements,therefore,can-
notbe statedintermsofprobablepercentagedeviationwithanyhopeof
greatreliability.A valueof*6percentmaybe estimated,however,on
thebasisofexperience.

Whatisofutmostimportance,however,istheconclusionthatthe
comparativedifferencesintemperaturedistributionsfoundinthepresent
testsareof suchsubstantialmagnitudethata cumulativetotalerrorof
i_6percentintemperaturemeasurementdoesnotaffecttheconclusionsof
thisreport;thatis,thereisno dangerthaterrorsofthismagnitude
affectonecomparativeitemandnottheother.

Thevaluesof interfaceconductancepresentedhereinareestimated‘
tobe correctwithin*15

-.

.-

.—
——

percent.

RESULTS —

A minimumoftwotests,correspondingto twodifferentheatinputs,
wasrunwitheachspecimen.

Thedataforeachtestconsistedoftemperature-timerecordsfor
16 selectedlocationsinthespecimen.Whenevertheinstantaneoustern-
peraturegradientsappearedtobe small,thatis,wellwithintheexpected
errorintemperaturemeasurement,a groupofreadingswasreducedtoa
singlevalueby averaging.Thiswaspossible,forinstance,intheflange
of thestringerwherethetemperaturegradientswereoftennegligibly
small. The16tracescouldthusbe reducedto 5 to 8 representative
temperature-timerecords.Curvesofthisty-pearegivenforonepairof
specimens(integralandriveted)infigure6. Itwas considered ~ec-
essary topresentthecompletetemperaturerecords.

An examinationofthetworecordsoffigure6 readilydisclosesthe
disturbancecausedby theintroductionofan interface.Thepointsin
thewebandflangedownstremfromtheinterfaceareespeciallyaffected;
thepointsintheskinundertheflangeareinfluencedtoa smalldegree.

Allpointsappeartoapproacha constantrateoftemperaturerise
astheheatingiscontinuedata uniformrate.Thetrendobservedmay
be predictedbytheoreticalanalysisoftheproblem;thetemperature
differencesacrossthesectionbecomestabilizedandalltemperatures
thenriseat a constantrate. Thus,thetemperaturedifferenceat the
interfaceofa rivetedspecimenAT alsoapproachesa limit. .—

Infigure7(a)areshowntheresultsoftwotestsrunwithtwodif-
ferentheatinputs(1o.8and18.6 Btu/(sqft)(sec),respectively).When

d.—

—
--

—

.

—
—
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,

thesedataarereplottedona nondimensionalbasisas infigure7(b),
thetwosetsof curvesnearlycoincide.Thepair.oftests,theresults.
ofwhicharepresentedinfigures7(a)and7(b),wasrunwithan integral
specimen;rivetedspecimensheatedatdifferentratesrevealedthesame
tendencywitha slightlypoorercoincidencebetweenthetwotests.

Ihthecourseofdeterminingtheeffectofinterfaceon temperature
distributioninjointsof differentgeometry,interfaceconductancevalues
weredeterminedforeachofthe15 fabricatedspecimens.A tabulationof
theseconductancevalues,showingtheminimumandmaximumobtainedineach
test,is givenintableII. Thecomputedequivalentair-gapthicknessfor
eachspecimenisalsogiveninthistable.tiaddition,theapproxhate
conductance-timehistoryofeachspecimenisplottedinfigures8(a),
8(b),and8(c).Thetwodifferenttestseriesindicatetwodifferent
heatflowrates.(SeealsotableII.)

An examinationof theconductancevaluesleadstothefollowing
observations:

(1)lkterfaceconductancevariedovera considerablerangeinthe
15 fabricatedspecimens.Attemptstorelategeometricalvariables,rivet
size,andinterfaceconductance,however,wereunsuccessful,probably
becauseofthefactthatthelimitednum%erof specimensintheprogrsm
didnotallowa thoroughexaminationoftheeffectofanysinglegeo-

. metricalorrivetingvariableon interfaceconductance.Furthermore,
no givengroupof specimens,preparedinoneshop,displayedanyspecial
characteristicswhencomparedwitha groupfabricatedina different

. shop,presumablyundersomewhatdifferentmanufacturingpracticesand
tolerances.

(2)Fora giveninterfaceconductancethetrsmsienttemperaturedrop
acrosstheinterfacedependsonthemassofthestringeranditsgeometri-
caldistributionwithrespecttothesizeofthecontactsurface.ItWaS
foundthatthelargerthebulkof thestringerdownstreamoftheinter-
face,thelongerittookforthisbulktoreacha giventemperature.As
a consequenceofthelargertimedelayintheheatingofa bul@ stringer,
largerinstantaneoustemperaturedifferencesdevelopedbetweentheskin
andthestringer.

(3)wing onegiven test of shortdurationtheconductancevalue
variedasmuchas*25percentwithno cleartrendeitherwithtimeor
withincreasingmeaninterfacetemperature.

●

(4)Uponrepeatinga testonthesamespecimen,regardlessof
whetherloworhighheatinputwasappliedfirst,a lowerconductance

a valuewasfoundin13outof 15 cases.Withthefirstrunsaveragingan
interfaceconductancevalueof 525andthesecondruns,a valueof
ml Btu/(sqft)(hr)(°F)jtheaveragedropbetweenthetworunswas
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23.6 percent.Ifthecontactresistanceisexpressedintermsof an
equivalentair-gapthicknessbasedonairthermalconductivityat 75°F,
thevalue525Btu/(sqfat) correspondsto 0.00034inchandthe
value401Btu/(sqfat), to0.00045inch.

(5)Theextremevaluesof conductancefoundintheentirecourseof
theinvestigationwerelx and1,310Btu/(sqfat) corresponding
toanair-gapthicknessof0.00115and0.00014inch,respectively.

Itshouldbepointedoutherethatthedimensionsofthetwodiffer-
entspecimens(specimens4 and5)showingtheseextremeconductancevalues
wereverysimilar.Ontheotherhand,specimensofentirelydifferent
configuration(e.g.,specimens7 and14)revealeda remarkableagreement
intheinterfaceconductancevalue.

(6) The overallaverageof conductancefoundforthe15 riveted
specimenswas463Btu/(sqfat),, whiletheoverallaverageair
gapwas0.00039inch.

As explainedin
investigationwasto

DISCUSSION

the“Introduction,”thechiefpurposeofthepresent
assesstheimportanceoftheinterfaceconductionas

a facto;tobe consideredindete&ningtemperaturedistributionsinair-
craftstructures.An examinationofthedatapresentedinthesection
“Results”showsthatinterfaceconductancemustbe takenintoaccountfor
anygeometry.Thisisexplainqdfurtherinthefollowingparagraphs.

GeometryandTemperatureDistribution

Infigure6 typicaltransienttemperat.~edistributionsofthetype
availableforallspecimensintheprogramwerepresentedfora single
fabricatedspecimenandforitsintegralcontrol.Theeffectofthe
interfaceonthetemperaturedistributionny%ybe seenincomparingthe
twosetsofcurves.It isapparentthatfor-thegeometricalconfigura-
tionshownanytemperaturedistributionfoundbya calculationwhich
neglectedthe”interfacediscontinuitywouldbe seriouslyinerror.

b figures9(a)and9(b)theexperimentaltemperaturehistoriesof
twoselectedpointsineachoftwodifferentgeometries(specimens8
and3) arepresentedto showtherektiveimportanceoftheinterface.
Itcanbe seenthattemperaturehistoriesofpointssuchasA andB
(fig.9) areinfluencedby an interfacetoa widelydifferentextent
intheextremecasesofspecimens8 and3; thereisa veryslightdis=
turbanceinspecimen8 (in’comparisonwithcontrolspecimen&) buta

.
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largedisturbanceinspechen3 (incomparisonwithcontrolspecimen3C)
. duetoadditionoftheinterface.Thisdistinctlydifferentinfluence

ofan interface(withthessmeaverageconductance)indicateshowtem-
peraturesat correspondingpotitscanbeaffectedindifferentJoint
configurations.

Thetemperaturehistoryofselectedextremepointsina crosssec-
tion,however,cannotbe a basisforthestressanalysiswhichobviously
mustbe basedontemperaturedistributionovertheentirestructure.
Thus,geometry,interfaceconductance,md rateofheatingmustallbe
takenintoaccountanditwouldnotbe warrsntedtomakegeneral,sim-
plifyingassumptionsto establishthelimitsof criticalconditionsin
termsofanyoftheabovevariables.IiIotherwords,untiltheprecise
useof interfaceconductanceina particulardesignproblemisknown,
itsfinalimportanceon structuralbehaviorcmnotbe assessed;hence,
itsvalueshouldbe includedinanytemperature-distributioncalculation.

Someexsmplesoftheeffectsofan independentlyvaryinginterface
conductanceonupstresmenddownstreamtemperaturehistoriesareshown
infigures10(a)=d 10(b).Temperaturehistorieswerecalculatedfor
severalarbitraryinterfaceconductanceby themethodoutlinedinappen-
dixB. Ihfigure10(a)theresultsofa trialsetof calculationsare
shownwiththeconductancevaryingfrom200Btu/(sqfat) to infti-
ity,thatis,to thecaseoftheintegralspecimen.~figure 10(b)the

. calculationis continuedfortheconductancevaluewhichseemedto fit
theexperimentaldatabest. Minordifferencesbetweenthecalculated
andexperimentalcurvescanbe attributedto thedeviationfromconstant

. heatinputassumedinthecalculation.Whatis@ortant inthesefig-
uresisthatthecorrespondenceofthecalculationwiththeexperimental
dataisdependentonthecorrectchoiceofinterfaceconductance.Itis
obviousthata wrongchoiceof interfaceconductanceforuseincalcula-
tionscanleadtoa seriouserrorintemperaturedistribution.

InfigureXl.thetransienttemperaturedropacrosstheinterfaceis
plottedagainstskintemperature(atthestringer)forallgeometries
tested.Selectionshavebeenmadefromfigure11andreplottedin fig-
ures12(a)to12(d)forvariousgroupingsofgeometricalvariables.It
isclearthatthemassofthestringeranditsgeometricaldistribution
withrespecttothesizeofthecontactsurfacehavea markedeffecton
theinterfacetemperaturedrop. It canbe statedasa generalruleon
thebasisof figureU thatthelargerthebulkofthestringerdownstream
of theinterface,thelargerthetransienttemperaturedropbecomesfora
givensetof conditions._ThecurvesoffigureM-are affectedby theran-
domvalueofthejointconductance;therefore,thegeometricalvariables
camnotbe tidependentlyevaluatedfrcunthisviewpoint.Whilecalculations

. showthattheeffectof conductanceisnotsufficienttodisplacethe
qualitativepositionsofthecurvestithrespectto oneanother,precise
relationshipscouldbe establishedonlyiftheinterfaceconductancevalue-
werea fixedquantityinallcases.
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Evidencegatheredinthecourseofthisinvestigationindicates
thatthethermalconductanceofpracticaljointsisnotindependentof

—

geometry.Jointconductanceisdefinedhereas someaveragevalueof
~

localconductanceovertheinterfaceandiscomputedfromexperimental
databy themethodoutlinedinappendixA.

.

Itisassumedthatalljointsmanufacturedunderthesamecondi-
tionshavenearlythesameinitialcontactandconductancevalue (before
heating).However,“assoonasdistortionofthematingpartsoccurs
becauseofunequalheating,thisphenomenonmayalsoinvolvea change
intheintimacyofcontactandresultininterfaceconductancevariation
(thisreasoningwillbe furtherelaboratedon‘inthesection“Heating
RateandTemperatureGradients”).Sincetemperaturedistributionand
warpingarebothfunctionsofgeometry,itisprobablethatgeometry
controlsthevalueofinterfaceconductanceduringthetimeofheatflow,
althoughinsufficientdatawereavailabletoreveala consistent
relationship.

..

HeatingRateandTemperatureGradients

Becauseofthetransientheatingconditionsandthevariablecross
sectionoftheheatpath(inthexyplane)thetemperaturegradientsare
nonuniformtna heatedskin-stringerjoint.Thelargestofthesegradi-
entsina continuousconfigurationisencounteredatthedirectlyheated .
surfaceimmediatelyafterthestart,iftheinputisuniform.Whenthe
jointcontainsaninterfacediscontinuity,thetemperatureacrossthe
interfacewillalsdbe discontinuousandtherewillbe a veryhighgra- .
clientatthislocation.

Itseemsevidentthat,eventhoughthejointstestedwereunre-
strained,thenonuniformityoftemperaturesandtemperaturegradients
mustcauseinternalstressesinthestructurewhetheritisintegralor
riveted.It isnotwithinthescopeofpresentworktoanalyzethermal

—

stressesandfindrelationsbetweentemperaturedistributions,deforma-
tions,andtheresultingchangesof interfacecontactina rivetedspeci-
men. Nevertheless,itiseasyto seethatthechangesintemperature
distributionfromonespecimenconfigurationtoanotherandespecially

-.

fromtheintegraltorivetedversionofthesameconfigurationmustbe
reflectedinchangesof stressdistributionanddeformations.

—

Itwasalsoobservedintheeqerimentsthatinterfaceconductance
variedfromtesttotestinthesamespecimenandevenduringoneheating
cycle.Thevariationintheintimacyofcontactisbelievedtobe related
to chsmgesinthetemperaturedistributionpattern.Thispattern,of
course,changesconstantlyduringtransientheatingwhethertheheating e—
isuniformornonuniform.Warpingandtherelatedchangesininterface
conductancecanthusbe regardedasfunctionsofheatingtime.

—
>
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l%cperimentaletidenceindicatesthattemperaturedistributionand
contactconductancemaybe mutuallyinterdependent.However,becauseof
theuncertainnatureof thewarpingtheinterfaceconductancevaluecould
notbe convenientlyrelatedto temperaturedistributions(orheatingrates)
inthepresentwork. It is sufficienttopointoutthattheheatingrates
employedinthistestingprogramandthetemperaturedistributionsthus
attainedwereresponsibleforcertainphysicalchangesat theinterface
whichresultedina *25-percentrandomfluctuationin interfaceconduc-
tancevalue.

MterfaceConductance

Inreferences1 and2 thefactorsinfluencingthethermalconductance
of interfaceswerestudiedandvalueswereobtainedforthisconductance.
Itwasfoundthatthevalueof interfaceconductanceisa functionofthe
conductivity,hardness,strength,warping,andoxidationpropertiesof
thetwojoint-formingbodies.Furthermore,theconductancewasfoundto
dependontherneaqtemperaturelevel,thepressureexertedontheinter-
facearea,thesurfaceroughnessandflatness,theconditionofgases
andimpuritiesentrappedbetweenthejoinedsurfaces,andtheloading
andheatinghistoryofthejoint.

Inthesepasttivestigationsthetestspecimensandconditionswere
chosentoyielda maximumof infornmtionaboutinterfaceconductance.b
theseriesoftestsreportedhereinthespecimensweremorenearlyrepre-
sentativeofpracticalaircraftconstructionandweretestedundertran-
sientheatingconditions.!lhevaluesofinterfaceconductanceobtained
inthecourseofthesetestsaregivenintableIIandplottedinfig-
ures8(a)to 8(c),asnotedunder“Results.”

Becauseofthesmallsizeoftheinterfaceareaineachcaseandthe
limitationsintheinstrumentationitwouldhavebeenverydifficult,and
alsohpracticaljtodeterminethedistributionof interfaceconductance
alongthelineof jointcontactina crosssection,sothata single
averagevaluewascomputedasnotedaboveunder“GeometrpandTemperature
Distribution.“

Thepossibleeffectsofgeometryandheatingrateson interfacecon-
ductancewerediscussedabove.

Whileinterfaceconductancewasfound,ingeneral,to increasewith
mea interfacetemperaturelevelinreferences1 and2,no suchconsis-
tenttrendwasnoticeableinthepresenttestssincethewarpingprecluded
theisolationofthemeaninterfacetemperatureasan independentvariable.

Theeffectofrivetsize,material,andspacingwasnotstudied.
Thereis someevidencebasedonyetunpublisheddataobtainedby the
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authorstotheeffectthatthejointconductanceincreaseswiththesize
of therivets.Inaddition,thereisa positiveindicationthatlocal
conductancevariesnoticeablywithdistancefromrivetsevenwhenthe
rivetpitchiskeptlow.

Warpingoftheskinandstringercouldbe visuallyobservedduring
eachtest. h somespecimensa visibleairgapopenedat somecontact
pointsaftertheinitialheating.It isbelievedthatrivetyielding
andslippageat criticallocationstookplace.atelevatedtemperatures.

Itcanbe deducedfromtheabovediscussionthatsincecontactcon-
ductancedependsona complexsetof conditionssomescatterinitsvalue
canbe reasonablyexpected.Itisthusnotconsideredunusualthatcon-
ductancevaluesfoundinthisinvestigationrangedapproximatelyfrom
150to 1,300Btu/(sqft)(hr)(°F).Thearbitrarilylargenumberof experi-
mentalconductancevalueswasplottedona standarddistributioncurve
(notshown)whichyieldedastatisticalmodeof300Btu/(sqft)(hr)(°F)
foralltests.

Itisof someinteresttocomparetheinterfaceconductancevalues
obtainedinthisinvestigationtiththosemeasuredinreferences1 and2.

h thetestsofreference1,l-inch-thick7075-T6aluminum-alloy
specimensofvarioussurfaceroughnessesformedinterfacesandthecon-
ductanceoftheseinterfaceswasmeasuredattemperaturesup to 450°F
in steady-stateheatflowandata constantcontactpressureof7 psi.

Despitethedifferencesbetweenthetestconditionsofrefer-
ence1 andthoseof”thepresentinvestigation,theextremitiesof inter-
faceconductancevalueinreference1 werenearlythesame,210and
1,350Btu/(sqfat), as inthepresentwork. However,thevalue
occurringwiththegreatestfrequencyinreference1 wasmuchhigher
thanthemodeinthepresenttests.Thiswasobviouslyduetothe
specialcaretakenwithmostspecimensduringthemachiningandassem-
blingofthesurfacesintheearliertests,whileinthepresenttests
platesandextrusionsofstandardfinishandflatnesswereusedtorepre-
sentaverageaircraftpractice.

Inreference2 theinterfaceconductanceextremitieswere280and
2,050Btu/(sqfat), respectively,at 5-psicontactpressureuntil
theheatingandloadinghistorycauseda shiftinconductance,in gen-
eral,toprogressivelyhighervaluesuponreturntothe5-psipressure.
Permanentsurfacechangesduetothecombinationofhightemperatures
andpressureswere,ofcourse,notexpectedtooccurinthepresenttests
wheretheaveragecontactpressurealwaysremainedata lowvalue,esti-
matedtobe of theorderof10psi.

4
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CONCLUSIONS

Thefollowingconclusionswerederivedfroman investigationofthe
effectofan interfaceonthetransienttemperaturedistributionin com-
positeaircraftjoints.

1. Thetemperaturedistributionpatternina heatedstructuraljoint
ofgivengeometrychangesmarkedlywiththeintroductionof-aninterface.
Theextentof thischangedependsonthevalueof interfacethermal
conductance.

2.Numericalsolutionsrevealthatthetemperaturedistribution
patternisalsosensitiveto changesintheinterfaceconductancevalue.

3. Althoughthedisturbancecaused~ an interfacemaynotinf~uence
temperaturesappreciablyat certainremotelocationsinthestructure,
thevalueof interfaceconductancemustbe includedin calculationsof
completetemperaturedistributionsforstress-analysispurposes.

4.Theexpertiental.lydeterminedinterfaceconductancemayvary
overa considerablerangefromspecimento specimen,fromonetestrun
totheother,andevenduringa giventestof shortduration.Ihthe
presentprograntherangeofvaluesextendedfromapproximately150to
1)300Btu/(sqfat), whilethenmstrepresentativevalueinthe
15 interfacespecimenswas300Btu/(sqfat).

5. Itisindicatedthatthethermalconductanceofpracticaljoints
isnotindependentof geometry.Differentconfigurationsmayhavethe
ssmeinitialconductancevalue;however,unequalheatingmustcausedis-
tortions,resultingina changeof contactandconductance.GeometryMY
thuscontrolindirectlythevalueof interfaceconductanceduringheating.

6. h a giveninterfacejointanychengeintemperaturedistribution
resultsina differentdeformationpatternad thusmaybe responsible
forinterfaceconductancevariation.Suchchangestakeplaceconstantly
duringtransientheating.Differentheatinputsalsocreatedifferent
boundaryconditionsfortemperaturedistribution.Thecontactconduc-
tanceandtemperaturedistribution,therefore,swear tobe mutuald.y
interdependent.

SyracuseUniversity,
Syracuse,N.Y.,March15,1956.
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APPENDIXA
.

SAMPLECALCULATIONS

Thecalculationoftheradiantheatinputq forspecimen12 isas
follows:

(a)Eromtheoscillographrecordtherate,oftemperatureincrease
of a pointintheskin2 inchesfromthecenterlineis

—
—

aT—= 13.5° F/seeat

(b)Thevolumeoftheskinwith1 squareinchofheatedareais

v = 0.25cuin.

(c)Theproductofthespecificheat c andthespecificweight.W __ ._
is

.

Cw= ~.22Btu/(lb)(°F~(O.10lb/cuin.)

= 0.022Btu/(cuin.)(°F)

(d)Theheatreceivedby 1 squareinchoftheouterskinsurfacein
1 secondis

q = (v)(cw)~

Thecalculation
30 secondsafterthe

= (0.25)(0.022)(13.5)

= o.07k25Btu/(sqin.)(sec)

= 10.7Btu/(sqft)(sec) (Al)

ofthe interfaceconductanceh forspecimenllj
startofthetest,isasfollows:
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(a)Fromtheoscillographrecordtheaveragerateoftemperature
increase,at 30 seconds,oftheflangeareais.

a-—= 7.6° F/seeat

Theaveragerateof increase,at 30seconds,ofthewebareais

a%—= 7.1° F/seeat

Theapproximate
at 30 seconds,is

averagetemperaturedifferenceat theinterface,

AT=50°F

(b)Theflangeareais

Af = 0.1563S~ b.

Thewebareais

The

(c)
areaper

lengthofthe

Thetransient
second,at 30

& = 0.1563sqin.

flangeincontactwiththeskinis

Zf= 1.250 m

heatflowacross1 squareinch
secondsafterthestartofthe

oftheinterface
test,is

= ooo22(7.6 x 0.1563 + 7.1x 0.1563)
1.25

= 0.04045Btu/(sqin.)(sec) (A2)
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(d)Bydefinition,
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A

.

h = q/AT

0.04045=—
w

= 8.09x 10-4Btu/(sq in.)(sec)(°F)

= 419Btu/(sgft)(hr)(°F)

—

.



NACATN3824 23

.

APPENDIXB

NUMERICALSOLUTIONS

Numericalsolutionsoftwo-dimensionaltransient-heat-flowproblems
by lumpedparametermethodshavereceivedconsiderableattentioninrecent
years,as inreferences6, 7,and8. lhreference9 thedetailsofa so-
calledmrchingprocess,wherethetemperatureofeachlumpisfoundat
theendof successivefinitetimeintervals,is outlined.A similar
solutionispresentedin reference8 ina formadaptableto analog
computation.

Themethodofreference9 wasusedto carryoutnumericalcalcula-
tionsfortheintegralspecimen.Aftermodificationto incorporatethe
effectof interfacediscontinue@,themethodwassimilarlyusedfor
fabricatedspecimens.Twosuchmodificationswereintroducedandare
presentedbelow,,followedby a discussionoftheirrelativemerits.The
generalmethodofhandlingarbitrarygeometryandboundaryconditions
follows:

Thecrosssectionof integralspecimen1~, dividedat theplaneof
symmetry,canbe lumpedinthefollowingmanner:Thesmallestlumpsare
takenwherethelargestgradientsareexpected,as inthefollotingsketch:

k
+- +1;

T EI
2r ;--

1 I

T
+11
I
I27 ,--
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I
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JIg~ 71+-I
~l--ll; l- 7
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Thenext
foreachlump
thicknessfor

step is thewriting
ofunitthickness.
lump4 is

NACATN3824

of transient-heat-balanceequations
For instance, the equationfor unit .—.

and,for.lump9,

()%~6 - ‘9)+ :&, - T,)+ ~@cI - T9)= (,..2,2) ’91; ‘9

The12equationsoftheabovetypecannowbe simplifiedsnd
expressedexplicitlyforthetemperatureofeachlumpattheendof
eachtimeinterval,yieldingthefollowingexpressions:

Tl‘“+(+MT2 -
T2’= ,+ (&’1 + p - :)T2+ (;)T3

T3 = y+ (~)T2+(1-& $%+ ($)T~

T4,1= Y + (;P)T3+ (1 -: ,)T~+ (P)T~+ (,)T~

T3‘=-7+ (~)T4+(1- 3P)T5+(B)T6+(~)T8

T6’= 7+ (213)T5+(1- 3P)T6+(P)Tg

T7‘= (13)T4+(l- 2P)~+ (P)T8
(Bl)

.

.
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where
.

25

7
_qAt
cwl-

and

P k At=—
CWT2

All.constsntssmdcoefficientsintheaboveequationsareknown,
exceptthemagnitudeofthetimeintervalAt whichisdeterminedby
a convergencecriterionoutlinedinreferences7 and9. Thevaluesof
thecoefficientsoftheabove12 eqmtionscannowbe computed.

To facilitatethestepwisecomputation,theequationscanbe putin
matrixformwhichincludestheevaluatedcoefficientsforroutinemechan-
ical.computation.

Theinclusionoftheinterfaceconductancecanbeaccomplishedby
twodistinctmeansas follows:

(1)Thefirstmethodtreatstheinterfaceas a simpleseriesresis-
tsmcebetweenthetwoelementsupstresmanddownstreamoftheinterface.

. Thus.theheattransferredbetweenlumpsA andB,y distanceapartand. —
kea(~ - TA) ~n6tead

acrossan interfaceof conductanceh,willbe
(y/k)+ (z/h)

of Areax k(~ - TA). Thatis,theoriginalresistance., y/k between

twoneighboringlumpsisincreasedby snsmxmnt Z/h whentheinterface
isinterposed.

Accordingly,comparedwiththeintegralheatpath,theheat-balance
equationsforthesixlumpsadjacentto theinterfacehavetobe modified

T5’= 7+(~)T4+(l-2~- C)T5+ (~)T6+

T(5’= Y+ (2P)T5+(1- 2P - e)T6+ (e)T9

T7ts (~)T4+ (I-13- E)% + (P)T8

T8’= (e)T5-I-(p)T7+ (1- 2P - E)T8+ (!3)T9

T9‘ ( -;$-.)%+(;$)%s (c)T6+ (213)T8+ 1

(B2)
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where
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Theexpressionsfortheotherlumps(eqs.(7))donotchange.

Itcanbe seenthatintheabovemethodtheonlychangein calcula-
tionsdueto theinterfaceisa modificationof someofthemtrix coef-
ficients.This,however,mayalsonecessitatea changeinthemaximum
allowabletimeintervalAt by theconvergencecriterion.

(2)An alternate,moreexactmethodof‘includingcontactconductance
hasbeendeveloped(ref.9)whichdoesnotimposea linearrelationship
ontheinstantaneousheatflowthroughtheinterfaceandthetwohalf
lumpsoneithersideof it.

Themethodconsiderstwoelementsof infinitesimalthicknessnext
to theinterfaceplaneas showninthefollowingsketch:

Interface

\

A

Ai ●

\— — —— — . _ —.
● �

●� � �� � � � ✿�✿

✏

Bi
B“

—

.-
-

7
—

YI

f
-3

TheseelementsAi and Bi approach
therefore,theycanbe assumedto-transmit
theheat-balanceequationforelementAi

zerovolumeinthelimit;
butnotto storeheat. ThUi3,
is

(~TA-
Y~

TAi) +h(TBi- TAi)= O (B3a)
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.

and,forelementBi, ~
.

($ ‘B - %i) + ‘(TAi- %i) = O

Solvingtheequationssimultaneouslyfor TAi and ~i gives

TAi = TA(k+ hy2)+ ~(hyl)

k + h(yl+ y2

(B3b)

(ma)

and

~i . ~(k + hy~)+ TA(hY2)
(@b)

k+hyl+y2)
.

It canbe seenthat,inthismethod,theinterfacelimitingtempera-
turesareprescribedfunctionsoftheadjacentlargelumptemperaturesand
differentconstantsincludingphysicaldimensions,thermalconductivity,
andinterfaceconductancevalue.

. NotonlyisthecomputationoftemperaturesTAi and ~i at the
endof eachtimeintervalnecessaryto arriveat thenet AT acrossthe
interface,butalsotheinterfacetemperaturesthusdeterminedareused
intheheatbalanceof someoftheoriginallargelumpsinthenext
interval.

Intheso-called“marchingprocess,”therefore,anadditionalstepiS
involved.Aftereachstepinthematrixcomputationallinterfacetempera-
turesarecomputedfrmnsimultaneousequationsofthetypeofequations(B4a)
and(B4b)andtheninsertedattheproperplacesinthematrixofthenext
intervalandsoon.

Thefirstmethodof includingtheinterfaceconductancevalueis
evidentlya mwe directonebuthasthefollowingdisadvantages:

(a)Itdoesnotyieldtemperaturesimmediatelyatthe interface;
therefore,AT isnotaccuratelyknown.

(b)ThetransientheatflowduringsmytimeintervalAt neces-
sarilyturnsouttobe thesameacrosstheinterfaceas itisinboth
halflumpsstraddlingtheinterfaceplane.However,it isobviousthat
thetransienttemperaturegradient,andthustherateofheatstorage,
atanyinstantshouldbe higherat locationsupstreamandlowerat loca-
tionsdownstreamoftheinterfaceaspointedoutinthesectionentitled
“Discussion.”

,
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Thesecondmethodremediesbothoftheabovedisadvantagessimul-
taneouslyandisthereforeconsideredsuperiortothefirstone,butthe
calculationprocedurebecomesmorelaborious.

Thetemperaturefunctionsfoundby anyoftheabovemethodsarecon-
sideredcontinuoussincethetimeintervalwhichassuresconvergenceis
usuallyverysmall,a fractionofa secondinmostpracticalcases.High-
speeddigitalcomputersareidealdysuitedto carryoutthemechanically
simplebuttediouscalculations.Inthetypicall%lumpsubdivisionshown
above,38multiplicationsand12additionswereinvolvedineachsmall
intervaland6 stepswerenecessaryto cover-lsecond.

Numericalcalculationswerecarriedoutforonespecimenconfigura-
tionduplicatingas closelyaspossibletheboundaryconditionsimposed
inthecorrespondingexperiments.Transienttemperaturedistributions
forshortheatingcycleswerecalculatedforboththecontinuousheat

—--<

pathoftheintegralspecimenandthediscontinuousfabricatedversion.
Forthefabricatedspecimenbothoftheabovemethodsof includinginter-

——

faceconductancewereutilized.

Thenumericalsolutionsandexperimentalresultsshoweda satisfac-
torybutnotexactcorrespondence.Theslightdiscrepancybetweenthe
twomaybe attributedto

(a)Failuretoduplicatet~eexperimentalboundaryconditionsexactly -
inthecalculations

(b)Uncertaintyinthether?mlconductivityanddiffusitityofthe - -
specimenmaterial,as explainedinthesection“PrecisionofData”

(c)Uncertaintyinandtransientvariabilityoftheinterfacecon-
ductancevalue,as explainedinthesection!’Discussion”
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TA2LEIl.- EmmnmmL R?IEF3?ACE~CE VAUJES

Testseries1 TestBerles2

8*c- 2eatInwt,Q) ~o~~&& h Equivalent
Btu )air-gapthickness,

(“qH)(sac)(Sqft%)(%) 0,W.. “= - ‘-::~:e’”’
(a) (a)

1 7.k4 m. 0.32x 10-3
!% 31.6 W. tigW. .28

0.67x 10-3
W. m .36

2 l$?.k I&l. 448 0.40 20.3 m.
.*

319 0.%
w. 525 Me.x.39 .!Z3

3 k.ko Min. o:= Min.
6% q.8 5W 0.31

Me.x. ME% 752 .2k

b 5.~ Mb. * O.lg 23.3 Ian.623 o.2g
*. 1,310 .14 w. @k? .21

5 12.1 m. 204 0.88 26.0 Min.lx 1.15
Mu. xl .69 lax.21.3 .85

6 30.5 ml. 334 o:~ 9.39 m. 275 0.6s
MU. 414 M?IX.313 .3

7 7.10 Mill. 3Z2 0.!% 6.4 Min.15 1.15
Wx. 3* .45 MfLx.m .@

8 6.65 Min.
@ 0:3 32.9 Min.6U 0.29

Max. w.%.m .25

9 12.3 m. 0:44 w. 323 0.%
lax. % .W 29.4 MeX.450 .37

10 6.73 Min. 93s 0.19 25.0 m. 835 O.ZL
w. l,om .17 w. 913 .K1

u 7.09 Mb. 342 0.s 33.5 w. 282 0.64
MIX. 479 .38 Mx. 321 .36

12 10.7 % $$ 0:% 37.8 Min.220 o.&
m. 291 .62

13 7.29 Min. 2SJ 0.61 y3.o Min.m 0.61
MFLx. .% w. 454 .41

14 7.44 w. 268 0.67 30.3 km..195 0.$2
Max. %5 .47 Me.x.242 .-w

15 4.52 Min. 0.75 ml. l?l 1.05
w. z .59 23.3 MEx.23-I .76
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Figure l.- Overall view of test installation.
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(a)Topview.

(b)Endview.
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